Reactive separation processes were recently proposed for the synthesis of fatty acid methyl esters (FAMEs), most of them making use of solid catalysts thus eliminating all conventional catalyst-related operations, improving process efficiency and reducing energy requirements. Such integrated systems require a stoichiometric reactants ratio in order to achieve complete conversion and high purity products. However, maintaining this ratio can be very difficult in practice, especially when the fatty acids feed composition is not constant in time.
Introduction
Renewable energy sources are developed worldwide due to the volatile oil prices and increased greenhouse gas emissions. At present, employing waste and non-edible raw materials is mandatory to comply with the ecological and ethical requirements for biofuels. Biodiesel -emerged as a viable alternative to petroleum diesel -is a renewable fuel consisting of fatty acid methyl esters (FAMEs). These esters are currently produced mainly from green sources such as vegetable oils, animal fat or waste cooking-oils [15, 49] . The most widespread manufacturing technologies use homogeneous catalysts, in processes where both reaction and separation steps can create bottlenecks.
The use of inexpensive waste oils received increased attention lately, due to the high cost of the refined vegetable oils [34, 39, 9] . Remarkably, the 'food versus fuel' competition is clearly avoided when the raw materials used are waste vegetable oils or non-food crops such as Jatropha, Karanja, Polanga [43] and Mahua [20] . Zhang et al. [55] showed that using waste oils can have a very positive impact on the economics of biodiesel processes. However, the waste raw materials contain a substantial amount of free fatty acids (FFAs) thus not being compatible with current processes. Accordingly, the development of an efficient continuous process for FAME manufacturing is required, in which the use of a solid catalyst is especially wanted in order to suppress the costly chemical processing steps and the waste treatment.
Note that all conventional biodiesel processes suffer from problems associated with the use of homogeneous catalysts, leading to severe economical and environmental penalties. Consequently, tremendous research efforts are devoted to the development of solid catalysts for biodiesel production [22, 23, 37, 45, 54] . Moreover, process intensification methods can be further employed in order to reduce investment and operating costs, simplify the downstream processing steps, and minimize the waste streams [41] . Reactive separations such as reactive distillation (RD), reactive stripping or absorption (RA) were recently proposed as innovative processes for FAME synthesis by esterification of fatty acids using solid acid catalysts [23, 24, 27, 11, 25, 4] . Note that by integrating reaction and separation into one unit (e.g. RD) the equilibrium of the reaction can be completely shifted toward FAME formation by continuously removing the products.
Dividing-wall column (DWC), combining distillation with distillation, is another process intensification method developed decades ago and already implemented at industrial scale. Remarkably, DWC is the only known large scale process intensification example where both capital and operating costs can be vastly reduced, with the additional benefit of reducing the required installation space by up to 40% [8, 3] . Moreover, DWC is not limited to ternary separations only but it can be used also in extractive distillation [6] , azeotropic separations [32] , and reactive distillation [36, 17, 26, 33] . DWC is considered a major breakthrough in distillation, as it brings significant reduction in CapEx and OpEx -up to 30-40% [19, 8] . The design, control and applications of DWC are now established [42, 13, 10, 8, 29, 30] although hurdles are still perceived for their extended industrial applications [16] . Fig. 1 illustrates the evolution of conventional distillation to the reactive distillation or dividing-wall column and the emerged integrated reactive DWC [52] .
This study proposes a novel biodiesel process based on a reactive dividing-wall column that allows the use of a small excess of methanol to completely convert the fatty acids feedstock. FAME is produced as pure bottom product, water by-product as side stream, while the methanol excess is recovered as top distillate and recycled. The optimal configuration was established by using simulated annealing as an optimization method implemented in Matlab and coupled with rigorous Aspen Plus simulations. Along with the FAME production, the generated improved design alternatives allow a fortune to be saved by reducing the energy requirements by over 25%, at lower investment costs as compared to conventional processes.
Problem statement
Conventional biodiesel processes are plagued by the drawbacks of using homogeneous catalysts as well as the high energy requirements. Fig. 2 illustrates the large energy use implied by a two-step biodiesel process -esterification of FFA followed by the transesterification of tri-glycerides [48] . Remarkably, the recovery of the huge excess of methanol and the purification of the FAME product account for most energy use.
As previously described, several reactive separation processes such as reactive distillation or reactive absorption were proposed for the biodiesel production [31] . Most of these processes make use of solid acid/base catalysts thus eliminating all conventional catalyst related operations, improving efficiency and reducing the energy requirements for the biodiesel production.
The problem of these reactive separation systems is that a stoichiometric ratio of reactants is required in order to allow complete conversion of the fatty raw materials and production of two high purity products (e.g. water by-product as top distillate and FAME as bottom product). However, maintaining the stoichiometric ratio in practice can be difficult especially when the composition of the fatty acids feed is not continuously monitored or not known.
To solve this problem and still maintain all the advantages of RD, we developed a novel design based on a reactive DWC -a particular implementation of the classic Petlyuk configuration [8, 18] . This allows the use of a slight excess of methanol ($15% or higher), while still delivering pure products -methanol as top distillate that can be recycled, water by-product as side stream and FAME as bottom product.
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Optimization strategy
In this work we make use of simulated annealing (SA) as optimization strategy. Simulated annealing mimics the thermodynamic process of cooling of molten metals to attain the lowest free energy state [21] . Starting with an initial solution, the algorithm performs a stochastic partial search of the space defined for decision variables. In minimization problems, uphill moves are occasionally accepted with a probability controlled by the parameter called annealing temperature (T SA ). The probability of acceptance of uphill moves decreases as T SA decreases. At high T SA , the search is almost random, while at low T SA the search becomes selective where good moves are favored. The core of this algorithm is the Metropolis criterion [35, 51] that is used to accept or reject uphill movements with an acceptance probability given by:
where Df is the change in objective function value from the current point to the new point. The objective function is evaluated at the trial point, and its value is compared to the objective value at the starting/current point. Eq. (1) is used to accept or reject the trial point. If this trial point is accepted, the algorithm continues the search using that point. Otherwise, another trial point is generated within the neighbourhood of the starting/current point. A fall in T SA is imposed upon the system using a proper cooling schedule. Thus, as T SA declines, uphill moves are less likely to be accepted and SA focuses on the most promising area for optimization. These iterative steps are performed until the specified stopping criterion is satisfied. The random numbers can be uniformly distributed in the interval [0, 1] . If the condition rand <M(T SA ) is fulfilled, then the trial point is being accepted. Otherwise the starting/current point is used to start the next step. The temperature T SA can be considered a control parameter. The initial temperature (T i ) is related to the standard deviation of the random perturbation, and the final temperature (T f ) with the order of magnitude of the desired accuracy gives the location of the optimum. Note that until now, the SA algorithm was already successfully used in several chemical engineering applications by Rangaiah [40] , Bonilla-Petriciolet et al. [5] , Wei-Zhong and Xi-Gang [50] among others.
In order to optimize the complex reactive DWC previously described, we use the SA implementation in Matlab [46] . The SA parameters were tuned using several short tests in order to improve the efficiency of the stochastic method, while the initial point of SA was created randomly in the feasible region. Table 1 shows the values of the key parameters used in the simulated annealing.
Specifically, for process design of complex separation schemes, the minimization of the heat duty of the distillation column is the optimization target. Notably, up to 80% of the total annual costs (TACs) are associated to the energy requirements even for complex distillation columns. Consequently, the use of the heat duty is always a good approximation of the TAC. Moreover, the energy use is also directly linked to the CO 2 emissions. In the reactive DWC, the optimization problem for the minimization of the reboiler heat duty is defined as:
where T is the temperature in the FFA heater, N R is the number of reactive stages, N DWC is the total number of stages in the DWC, D is the distillate rate, F SIDESTR is the side stream product flowrate, V is the boilup ratio, N SIDESTR and N RECYCLE are the side stream product and recycle location, while r L and r V are the liquid and vapor split, while y m and x m are vectors of obtained and required purities for the m products, respectively. This design problem is a challenging global optimization problem with discrete and continuous decision variables ( Table 2 ). The optimal design of the reactive DWC was found by using simulated annealing (SA) as an optimization method implemented in Matlab and coupled with Aspen Plus simulations [1, 2] . Fig. 3 shows the connection of Mathworks Matlab with AspenTech Aspen Plus via MS Excel, including the flow of data between these programs. During the evolution of the SA, the vector values of decision variables (V x ) are sent from Matlab to Microsoft Excel using DDE (dynamic data exchange) by COM technology. These values are attributed in Excel to the corresponding process variables (V p ) and then sent to Aspen Plus by a similar interface. Note that using the COM technology it is possible to add code such that the applications behave as an Object Linking and Embedding (OLE) automation server. After running the rigorous simulation, Aspen Plus returns to MS Excel the vector of results (V r ). Finally, Excel returns the objective function (F OB ) value to Matlab for the SA procedure. Note that the CPU time is high for each optimization step due to the long convergence time required by the Aspen Plus simulator that ensures rigorous process simulation results. However, the CPU time of SA is typically much lower than that of Genetic Algorithm (GA) and Harmony Search (HS) especially in design problems of complex distillation sequences [7] .
Results and discussion
The integrated RD process was designed according to previously reported process synthesis methods for reactive separations [44, 38, 36] . Rigorous simulations embedding experimental results were performed using Aspen Plus [1, 2] . The RD column was simulated using the rigorous RADFRAC unit with RateSep (rate-based) model enabled, and explicitly considering three phase balances. Phase splitting must be accounted for, as free water phase can deactivate the solid acid catalyst. Nevertheless, as later revealed by the composition profiles, the molar fraction of water in the liquid phase does not exceed 0.1 on the reactive stages. Therefore, the catalyst deactivation does not occur here, under the designed process conditions. The physical properties required for the simulation and the binary interaction parameters for the methanol-water and acid-ester pairs were available in the Aspen Plus database of pure components, while the other interaction parameters were estimated using the UNIFAC -Dortmund modified group contribution method [1, 2] . Similar results are obtained using other state-of-the art estimation methods, such as UNIFAC and UNIFAC -Lyngby modified [1, 2] . The fatty components were conveniently lumped into one fatty acid and its fatty ester, according to: R-COOH + CH 3 OH M R-COO-CH 3 + H 2 O. Dodecanoic (lauric) acid/ester was selected as lumped component due to the availability of experimental results and VLLE parameters for this system [23, 11] . The assumption of lumping components is very reasonable since fatty acids and their corresponding fatty esters have similar properties [53, 25] . This approach was already reported to be successfully used in simulating other FAME production processes [23, 24, 11, 25] . In this work, sulfated zirconia is considered as solid acid catalyst, since kinetic data for the esterification with methanol is available from previous work [24, 11, 25] . Fig. 4 shows the proposed flowsheet. The conceptual design of the process is based on a reactive DWC that integrates the reaction and separation steps into a single operating unit. By combining reaction and separation, one can shift the reaction equilibrium towards products formation by continuous removal of reaction products, instead of using an excess of reactant. Since methanol and water are much more volatile than the fatty ester and acid, these will separate easily as top distillate and side stream. High conversion of the reactants is achieved, with the productivity of the RD unit exceeding 20 kg fatty ester/kg catalyst/h and the purity specifications over 99.9 wt% for the final biodiesel product (FAME stream). Note that heat integration methods [28] [29] [30] could be applied to further enhance the energy savings, but this is beyond the scope of the current study. Fig. 5 shows the liquid and vapor composition, while Fig. 6 plots the temperature profile along the reactive DWC. Similar profiles were obtained also for the alternative designs. The concentration of the fatty acid and methanol is high at the top of the column, while the fatty esters concentration increases from the top to bottom. Therefore, the water accumulated in the middle zone is removed as side stream, while FAME delivered as high purity bottom product.
The tray arrangements and the most important design variables for the base case and the optimal R-DWC structures are given in Table 3 . Remarkably, energy savings of up to 25% can be achieved, just by properly tuning the design of the reactive DWC. It can be seen that the total number of stages in the optimized DWCs is higher in comparison to the base case and consequently the number of reactive stages is increased. An important point is that the optimized designs also comply with all the restrictions on the purities and recoveries of the products. Consequently, an important issue is reviewing the feasibility to obtain the purity of 99.9 wt% for FAME in all these reactive schemes. The results shown in Table 3 clearly indicate that it is indeed feasible to obtain biodiesel of very high purity in all schemes.
The improved alternatives (S2-S7) were generated by the simulated annealing algorithm previously described. The SA method is stochastically by nature, so it has two well-known advantages: it can be readily connected to highly sophisticated simulators -such as Aspen Plus -and it converges towards a global optimum as computing time approaches infinity. In practice, it finds the global optimality very efficiently [14, 51] . The evolution course of the best function value for the SA is conveniently shown in Fig. 7 , while Table 3 provides the best solution (S7) along with other five configurations (S2-S6) evaluated every 1000 iterations. It can be seen that a great number of the function values are jumped off as the optimization method reduces the best function value. Note that the stopping criterions commonly used in stochastic algorithms are based on the maximum number of successive iterations (Sc max ) without improvement in the best function value, the number of iterations (Iter max ) or the CPU time limit (CPU time ). Some studies report from 1000 to 2500 iterations to find the best function value which is taken as the optimal solution in distillation process [14, 50] . In this work, the searching process stops when the iteration number reaches 10,000, hence after a much longer interval. Notably, the design with the greatest savings in energy requirements (Case S7) shows the largest total number of stages and reactive stages as compared to the base case. It can be seen that the total number of stages and reactive stages are 140% and 162.5% higher than those of the base case (Case S1). These results are used to conduct a study on the total annual cost of operating these systems in order to see the impact of the equipment cost and utilities cost on the total annual cost. In this way the designer could make decisions about how much is the amount of energy savings that the equipment should have, without a high increment in the total annual cost due to the increase in the number of stages.
To complement this work, the total annual cost (TAC) was also estimated for the optimized designs of the reactive distillation columns. The cost of the columns made of carbon steel, was estimated by the cost equations described by Turton et al. [47] , conveniently updated with the CEPCI (Chemical Engineering Process Cost Index). For comparison, a single value of CEPCI was selected, as of March, 2011. The total annual cost is the sum of the installed cost of column shell and the installed cost of the trays. Also, the sizing and costing of the heat exchangers and the auxiliary equipment were calculated and included. For example, the cost of heat exchangers can be correlated as a function of the surface area. The installation cost is also updated by using the CEPCI index. The capital costpurchase plus installation cost -is annualized over a period, which is often referred to as the plant lifetime:
Annual capital cost ¼ Capital cost=Plant life time ð3Þ
The operating costs were calculated based only on the utility costs (steam and cooling water), while the plant lifetime was considered five years, with an operating time of 8400 h/yr.
The results shown in Table 3 indicate that cases S2, S6, and S7 showed similar TAC values to the base case (S1) that is the case that presents the lowest value of TAC. Note that the design S7 is the one with the greatest energy savings as compared to the base case S1. Additionally, the S7 design features a larger number of stages. However, the value of TAC does not significantly reflect this wide variation in the number of stages. For S2 and S6 designs that show similar TAC values when compared with the case S1 -even when they have a larger number of stages. It is important to note that S2 design shows no significant energy savings, while design S6 gives the second best energy savings. Consequently, the two best designs from the viewpoint of energy saving and TAC value are cases S6 and S7.
In distillation systems, such as crude oil distillation units, carbon dioxide is generated mainly from furnaces, gas turbines, and boilers. These utility devices are the fuel consumers in the refining plants and are used to provide heat, steam, and power to the process by burning a fuel. Therefore, these units are key drivers in energy savings oriented projects and reducing environmental emissions impacts. In this paper we estimate the values of green house gas emissions (GHG) by the technique proposed by Gadalla et al. [12] . As shown in Table 3 , the optimal design S7 shows lower values of CO 2 emissions compared to other designs, even compared to the S6 design, which is the second best design according to the TAC value.
Concerning the environmental aspects, the green house gas (GHG) emissions are directly linked to the energy use -since in the chemical industry the energy required in distillation is obtained from crude oil. As a result, any reductions in energy requirements can be directly translated into reductions in carbon dioxide emissions. Note that carbon dioxide emissions can increase significantly when the operational conditions are different from the optimal ones. This point is important, because in terms of control and operational aspects the control properties of coupled schemes can be improved when the operational conditions fall outside the optimum -designs with minimum energy usage. For this reason, in the selection of operational conditions, a chemical engineer must also take into account the fact that savings in carbon dioxide emissions can be achieved only with additional efforts in the control system. According to the results obtained in this study, the best overall design option is the S7 system as it has a low TAC value, the highest energy savings and the lowest CO 2 emissions. Although the complex reactive column S7 has a larger number of stages compared to case S1, the total annual cost is very similar. Thus a full comparative analysis indicates that the best design option is case S7.
Conclusions
The novel integrated design based on a reactive dividing wall column could be successfully used for the energy efficient production of FAME from waste raw materials reach in FFA. Significant energy savings, of up to 25% of the base case design, could be achieved by formulating an optimization problem solved by applying the simulated annealing method. Moreover, the integrated reactive DWC alternative proposed in this work allows several important benefits over conventional biodiesel processes:
Efficient use of the raw materials and equipment: only 15% excess of methanol, complete conversion of fatty acids, significantly high unit productivity. Elimination of all conventional catalyst-related operations such as: catalyst neutralization, separation and disposal of waste salts, as well as waste water treatment. Flexible plant that is suitable for a large range of feedstock with very high FFA content, such as palm fatty acid distillate, frying oils, animal tallow and waste vegetable oil. Reduced investment costs due to the low number of processing units, and lower energy requirements -up to 25% energy savings as compared to the R-DWC base case.
